Gene expression tomography, or GET, is a new method to increase
The recent development of high throughput multiplex gene expression methodologies, including microarrays (2), gene chips (11) , and SAGE (19) have given important insights into gene networks in unicellular systems. However, these methods have yet to be employed to analyze how the genome constructs the three dimensional (3D) structure of multicellular organisms. Classical approaches to gene expression in the brain, such as in situ hybridization and autoradiography, can be employed to obtain series of 2D gene expression patterns, which are stackable for provision of 3D images. However, such methods are difficult to adapt to high throughput. In living animals, techniques exist for 3D imaging of gene expression, but these methods also lack high throughput capability (7, 10, 12, 21) . Here, the feasibility of a method called gene expression tomography (GET) is demonstrated. GET employs the image reconstruction methodologies of biomedical imaging systems, such as CT and PET, to produce volumetric maps of gene expression, in principle in high throughput. GET was employed to reconstruct the expression pattern of the tyrosine hydroxylase (TH) gene in the brain, using quantification based on both RNase protection and real-time quantitative reverse transcription PCR (QRT-PCR). The TH gene is expressed in a number of brain regions, including the periventricular/paraventricular nuclei, zona incerta, substantia nigra, ventral tegmental area, median raphe nucleus and locus coeruleus (13, 17) . GET resulted in images that correctly depicted the prominent features of TH gene expression. In addition, a statistical approach to image quantification demonstrated the high quality and reproducibility of the GET reconstructions when compared to the known TH expression pattern.
MATERIALS AND METHODS
β-galactosidase staining. The transgenic mouse line TH9.0-16 was employed (13) . These mice harbor a transgene consisting of 9.0 kb of 5' upstream sequence from the rat TH gene fused to the E. coli lacZ reporter gene. The expression pattern of the reporter recapitulates the known pattern of the TH gene. Brains were prepared for β-galactosidase staining as follows (13) .
Transgenic mice and non-transgenic sibling controls were anesthetized with 2.5% Avertin, perfused transcardially with saline containing 0.5% NaNO 2 and 10 U ml -1 heparin, followed by fixative (0.5% paraformaldehyde, 2% glutaraldehyde in 0. cryostat slices of 60 µm. The specimen was oriented in the cryostat at the angles described below using the interhemispheric fissure as a reproducible landmark.
Using a right-handed co-ordinate system, the three axes of rotation were x:
posterior to anterior, y: left to right, z inferior to superior (Fig. 1) . Three views were obtained per axis of rotation, -45°, 0°, and +45°, with a right-handed rotation about each axis. A total of nine views was hence acquired (three axes of rotation multiplied by three views per axis). For the x axis of rotation, the 0° view corresponded to the x-y plane (parallel transverse slices), for the y axis, the y-z plane (parallel coronal slices), and for the z axis, the z-x plane (parallel sagittal slices). Multiple experiments showed remarkable uniformity of slice acquisition from one sample to the next for a particular view. This is consistent with data showing that mice of the same age from inbred strains such as C57BL/6J have minimal interindividual variation in brain morphology (20) .
RNA extraction. Total RNA was extracted from the aggregate slices using Trizol reagent (GibcoBRL), following the manufacturer's instructions. Briefly, tissue was homogenized in Trizol (1 ml of reagent per 50 mg of tissue) and centrifuged at 12,000 g for 10 minutes. The supernatant was incubated at room temperature for 5 min and 0.2 ml of chloroform added per ml Trizol. The mixture was shaken vigorously for 15 s, incubated at room temperature for 3 min, and centrifuged at 12,000 g for 15 min. RNA was precipitated from the supernatant by adding 0.5 ml isopropyl alcohol per ml Trizol, incubating at room temperature for 10 min, and centrifuging at 12,000 g for 10 min. The RNA pellet was washed once with 75% ethanol, air dried, and dissolved in water. Quantitation employed fluorometry, and the RNA yield per slice (mean ± SEM) was 51.1 µg ± 2.5.
RNase protection. RNase protection was performed as described (15) . 
where the direction T is defined as T x y z = + + cos sin sin sin cos ϕ θ ϕ θ θ . The expression is based on the sifting property of Dirac delta function (3). Dispersion functions other than the delta function could be employed, and might represent an attractive approach to a Bayesian formulation of GET, allowing additional sources of information (e.g. anatomy) to be taken into account when reconstructing gene expression images. Taking Fourier transforms of both sides of equation (1) we obtain: 
The result of equation (2) Web site. The algorithms and study results are available on a web site (www.pharmacology.ucla.edu/smithlab/physiolgenomics_supp).
RESULTS

Principles underlying GET.
GET involves taking sets of parallel brain slices acquired from several samples by incremental tilting about multiple axes of rotation (Fig. 1) . (approximately 300 µl), divided by the number of voxels. GET is modality independent, and any gene expression analysis method can be used, depending on requirements of reproducibility, throughput and sensitivity.
Reconstructing the TH gene expression pattern using GET and RNase
protection. TH is the rate limiting enzyme in catecholamine biosynthesis, including synthesis of dopamine. The expression pattern of the TH gene is shown in Fig. 2A , using staining for β-galactosidase activity in a line of lacZ transgenic mice that faithfully reproduces the expression pattern of the gene (13) .
The TH gene is strongly expressed in a number of dopamine producing cell groups located in the ventral mesencephalon, including the ventral tegmental area, which gives rise to the mesolimbic and mesocortical dopamine pathways, and the substantia nigra which gives rise to the nigrostriatal pathway (13, 17) .
The gene is also expressed in the hypothalamus (peri/paraventricular nuclei), zona incerta, median raphe nucleus and locus coeruleus. The TH gene expression images were transformed into pseudocolor and warped onto corresponding sections of the mouse brain atlas (14, 20) (Fig. 2B ) in order to facilitate comparison with reconstructions obtained using GET.
To image TH gene expression, a GET experiment was performed using three orthogonal axes of rotation, and three equally spaced views per axis (+45°, 0°, -45°) (Fig. 1) . At 0°, the three axes represented transverse, coronal and sagittal sections. For each view, aggregate slices of 1 mm were taken using the cryostat, giving approximately 10 slices per view (mean ± SEM, 10.1 ± 0.3; range 9 to 11).
TH transcript levels were quantitated using RNase protection analysis of equal amounts of RNA (10 µg) from each slice (Fig. 3) . The TH gene expression images reconstructed from this data using GET and filtered backprojection are shown in Fig. 4 . Within the expected limits of resolution (below), the reconstructed image is highly similar to the known expression pattern of the TH gene, with the most prominent expression being in the midbrain (substantia nigra and ventral tegmental area), ventral diencephalon (periventricular/paraventricular hypothalamic nuclei, zona incerta) and pons (locus coeruleus) (13, 17) . Ectopic areas of reconstructed expression were also present; most notably, expression in the ventral tegmental area appeared to be duplicated dorsally.
Since the total number of voxels from a tomographic image reconstruction equals (Fig. 4) , where it was possible to resolve the left and right locus coeruleus, zona incerta and substantia nigra.
Reconstructing the TH gene expression pattern using GET and real-time QRT-
PCR. To investigate the modality independence of GET, and to explore its potential for higher resolution in the context of a more sensitive analytic technique, the expression pattern of the TH gene was reconstructed using real- Mean expression values ± SEM are shown, except error bars are sometimes too small to be visible. A relative scale was employed, as for Fig. 3B . 
